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Since the 1960’s it has been predicted that cosmic ray protons of the highest energies must produce corresponding
high energy neutrinos due to collisions with the cosmic microwave background. Both the origin and mechanism
for production of these protons remain a mystery. Detection of the neutrinos, which remain unaﬀected by
poorly-constrained galactic and inter-galactic magnetic ﬁelds, provide a useful new astronomical observation
window. Moreover, Askyaryan pointed out that detection of these neutrinos via induced showers in solid,
radio transparent media, would be observable at large distances due to the coherenence of the radio emission.
However, more than four decades later none of these predicted events have been observed. This has been due in
part to the need for enormous target volumes and cost-eﬀective ways to instrument them. Without being able
to either trigger or record such transient signals in an eﬃcient manner, detection remains elusive. We present
a high-performance, cost-eﬀective and low-power solution to this detection problem. Low-power is needed for
balloon-borne detection, and this work was done in the context of the Antarctic Impulsive Transient Antenna
(ANITA) high altitude balloon project. However the compact and low-cost nature of the sampling ASIC and
triggering technology opens opportunities for viable, large-scale terrestrial radio neutrino detector arrays.
1. INTRODUCTION
A challenge to our detailed understanding of the
evolution of the universe is the observation of the
highest energy cosmic ray events. Neither their origin
nor their acceleration mechanism is understood [1].
Protons of this energy cannot travel very far through
the cosmic microwave background, which means they
should be produced nearby. At the same time, no
nearby point sources have been observed. This is a
paradox.
Degradation of the ﬂux of these ultra high energy
(UHE) protons was ﬁrst pointed out by Greisen, Zat-
sepin and Kuzmin (GZK) [2] via the process:
p + γ → Δ∗ → n + π+ (1)
∗Presenter and corresponding author: varner@phys.hawaii.edu
and where the subsequent π+ decay chain leads to
a ﬂux of high energy neutrinos – denoted the GZK ν
ﬂux. Based upon the cosmic ray ﬂuence observed, as
plotted in Figure 1, and uncertainty in modelling the
evolution of these protons through the universe, upper
and lower limits on the predicted ﬂux are indicated by
the shaded band. While the number of these neutri-
nos is large, their small cross section requires a large
instrumented volume. Existing detectors are simply
too small.
A next generation of detectors, the Pierre Auger
observatory [3] in Argentina and the IceCube array at
the south pole [4], when completed, will start to have
possible sensitivity to these events at the one per year
level. The accumlation of signiﬁcant statistics, and
unique determination of the events as neutrino events
will be diﬃcult. Given the cost of these detectors, they
are unlikely to signiﬁcantly scale up in size using the
same detection techniques. Unambiguous observation
of these GZK neutrinos requires a new approach, and
radio detection is a promising candidate.
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Figure 1: Measurements of the cosmic ray ﬂux and
illustration of the expected subsequent ﬂux of GZK
neutrinos.
2. COHERENT RADIO DETECTION
When neutrinos of very high energy interact in solid
matter, the development of the subsequent shower
progresses with electrons being Compton scattered
into the shower, while positrons annihilate. This leads
to a net 20-30% negative charge excess, an observation
ﬁrst described by Askaryan [5].
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Figure 2: Radio generation in neutrino-induced showers.
He noted that such a shower, as depicted in Fig. 2,
would have the following remarkable properties:
• would develop a local, relativistic net negative
charge excess
• would be coherent (Prf ∼ E2) for radio frequencies
• for high energy interactions, well above thermal
noise
• detectable at a distance (via antennas)
• polarized – can determine the location on Cherenkov
cone with a single-point measurement
which have been experimentally veriﬁed in the last
few years [6][7].
3. The ANtarctic Impulsive Transient
Antenna [ANITA] Experiment
While a number of experiments have been proposed
and operated based upon radio detection[8–10], their
sensitivity was far away from that needed to detect
the predicted GZK ν ﬂux. This can be seen in Fig. 3,
where certain models [11][12] for resolving the enigma
of the highest energy cosmic rays have been con-
strained or ruled out.
Figure 3: Present and future experimental sensitivies to
the GZK ﬂux, as well as proposed models for explaining
the observed UHE proton ﬂux.
The ANITA experiment was designed speciﬁcally to
be the ﬁrst to measure – or unambiguously challenge
– the predicted (“guaranteed”) ﬂux of GZK neutrinos.
In order to do so, the entire Antarctic ice sheet is used
as a target volume, as depicted in Fig. 4.
Figure 4: The ANITA concept: Antarctic ice sheet as
detector and observation from a long duration balloon
payload.
In order to realize this concept, a payload was de-
signed based upon an array of quad-ridge horn anten-
nas, as illustrated in Fig. 5.
Figure 5: The ANITA payload feedhorn array.
Quad-ridge horn antennas were chosen because of
their excellent frequency response over the frequency
band of interest, from 0.2-1.2 GHz, and because of
their tight temporal response. As the Askaryan im-
pulses are coherent beyond the frequency of interest,
the observed impulse will be band-limited, as depicted
in Fig. 6.
~320ps
Measured
Figure 6: Quad-ridge horn antenna and its measured
impulse response.
In a long-duration balloon ﬂight primary power is
solar. Just as severe is the need to eliminate the heat
generated, which places practical limits of a kW or
less on the entire payload.
Without being able to sample the waveforms above
Nyquist frequency or trigger eﬃciently, there is no ex-
periment. The demanding speciﬁcations for the low-
powered electronics are summarized in Table I.
Table I ANITA Electronics Speciﬁcations.
Parameter Quantity Comments
# of RF channels 72 32 top, 32 bottom, 8 monitor
Sampling rate 2.6 GSa/s greater than Nyquist
Sample resolution ≥ 9 bits 3 bits noise + dynamic range
Samples in window 260 100 ns window
Buﬀer depth 4 allows multi-hit
Power/channel < 1W excluding LNA, triggering
# of Trigger bands 4 equal power per band
# of Trigger channels 8 per antenna (4 bands x 2 pols.)
Trigger threshold ≤ 2.3σ operation into thermal noise
Accidental trigger rate ≤ 5 Hz DAQ/processing limit
Raw event size ∼ 35 kB waveform samples
A divide-and-conquer strategy to address the power
and performance issues raised by these speciﬁcations
is shown in Fig. 7.
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Figure 7: In order to minimize the power required,
signals from the antennas are split into analog sampling
and trigger paths. To provide trigger robustness, the full
1GHz bandwidth is split into 4 separate frequency bands,
which serve as separate trigger inputs.
4. Triggering at Thermal Noise Levels
While an ideal ﬂight would consist of 45 days of
exposure, the total recorded livetime would still only
be on the order of half a second. Therefore care must
be taken to select the events of interest.
In order to provide optimal robustness in the
presence of unknown but potentially incapacitating
Electro-Magnetic Interference (EMI) backgrounds, a
system of non-overlapping frequency bands has been
adopted. Typical anthropogenic backgrounds are
narrow-band, and while a strong emitter in a given
band would likely raise the trigger threshold (at con-
stant rate) such that it would be eﬀectively disabled,
the other trigger bands could continue to operate
at thermal noise levels. We expect that operation
at thermal noise levels means that individual trigger
band channels will be ﬁring at 1-2MHz rate. Power
for and self-generated EMI from an array of 256 high-
speed comparators was of great concern. To avoid
large external signal swings chattering at MHz rates,
it was demonstrated that the onboard FPGA could
be used as the discriminator [13]. The eﬃciency for a
low-level impulsive signal, riding atop representative
thermal noise is given in Fig. 8.
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Figure 8: Measured single-band trigger eﬃciency versus
trigger rate.
While these eﬃciencies may seem low, the require-
ment for a trigger is 3-of-8 and the net antenna trigger
eﬃciency is given in Fig. 9.
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Figure 9: Cumulative binomial probability of generating
an overall Antenna trigger versus the eﬃciency of
individual band triggers.
As seen in the ﬁgure, if an eﬃciency of about 80%
can be maintained in each band, the overall Antenna-
level trigger (“Level 1” (L1)) eﬃciency is essentially
unity. Even a degradation to 60% single band eﬃ-
ciency means an L1 eﬃciency of roughly 95%.
To get to a manageable recording rate of about 5
Hz, a multi-layer trigger system typical of a high data
rate collider experiment has been adopted. Indeed,
the very high eﬀective data rates (if required to oper-
ate at those rates) would be unacceptable. Individual
antenna triggers are combined as illustrated in Fig. 10.
L1 (antenna) triggers are constrained to form a 2-of-
5 within a φ cluster in each of the top and bottom
clusters of antennas, and is denoted L2. A global trig-
ger, L3, is formed by L2 coincidences between top and
bottom within the same φ sector.
Logical segmentation
L2 = 2 of 5
Top cluster
Phi = 0
(1 of 16)
Bottom cluster
L2 = 2 of 5
Nadir cluster
L2 = 2 of 3
(example Trigger Type = 1 shown)
Figure 10: ANITA Multi-level trigger deﬁnition.
At the moment ﬁnal integration of the ANITA pay-
load is underway and ﬁnal eﬃciency versus rate plots
are not yet available. However, extensive simulations
have been performed previously [14] which indicate
that the rates should be acceptable. Sample simula-
tion results are shown in Fig. 11, where for the coin-
cidence window shown a rate well below 5 Hz L3 rate
is maintained, as seen on the top plot. At the bot-
tom is a conversion between sigma of noise and the
units of ﬂuctuation of the output in units of power
over average power at the discriminator input.
P/<P> of 3.9 ~ 2.3V
Figure 11: Monte Carlo simulation of the global L3
trigger rate for ANITA.
5. High Speed Waveform Recording
Sampling of transient impulsive events with band-
widths in excess of a GHz while maintaining low power
was a major challenge. Commercial solutions are ex-
pensive, power hungry and limited dynamic range.
Typical ADCs with suﬃcient bandwidth are only 8-
bit resolution (more like 7 eﬀective bits) and multi-
ple Watts/channel. Therefore a custom solution was
needed.
In fact, earlier Switched Capacitor Array circuits
implemented in deep submicron processes [15][16]
have been very successful in demonstrating that GHz
sampling speeds are feasible. However, for a large
number of samples there is a very basic limit given by
unbuﬀered capacitance driven from a matched 50Ω
input stripline:
f3dB =
1
2πZ0C
(2)
Therefore, to obtain in excess of 1.2GHz of analog
bandwidth, the net capacitance must be kept to about
2pF or below. To realize this high analog bandwidth,
a number of details must be considered in the design
of the ASIC and package and are described in detail in
Ref. [17][18]. A die photograph of this device is seen
in Fig. 12.
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Figure 12: Die photograph of a Large Analog Bandwidth
Recorder And Digitizer with Ordered Readout
(LABRADOR) ASIC. This device is roughly 3 x 3 mm.
Performance of this device is demonstrated in
Fig. 13, where the top ﬁgure is the recording of a
raw band-limited waveform, and the bottom is the
Fourier Transform, corrected for the measured spec-
tral content of the test impulse.
The shoulder at about 200MHz is the edge of a high-
pass ﬁlter upstream of the ASIC. Residual power at
DC is due to an incomplete pedestal subtraction.
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Figure 13: Waveform sampling (top) and Fast Fourier
Transform (bottom) of the LAB3 ASIC response.
In summary, while the loss of input coupling above
800MHz could be improved, it is deemed to be ac-
ceptable. This is an area for improvement in future
devices.
6. HIGH DENSITY PACKAGING
In order to accomodate the trigger and waveform
sampling in a compact form-factor, the Sampling Unit
for Radio Frequency (SURF) board was developed. A
photograph of the production lot is seen in Fig. 14.
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Figure 14: Photograph of the stack of production
Sampling Unit for Radio-Frequency (SURF) boards.
Each SURF contains 4 LABRADOR3 sampling
ASICs, to allow for multi-hit capability. Such capabil-
ity is desireable to allow detection of secondary lepton
showers. As the cards must reside in a conduction-
cooled crate for vaccum operation, boards are shown
without obligatory heat sink for clarity.
7. CONCLUSIONS AND FUTURE PLANS
After a successful prototype ﬂight in New Mexico
in September 2005, ANITA is on target for a ﬂight
from McMurdo Station, Antarctica in December 2006.
Prior to this, in order to characterize the performance
of the antenna array and trigger system as a detector,
a beam test will be performed in the End Station A
facility at SLAC in June 2006. For this experiment a
solid ice target will be assembled to allow generation
of Askaryan-eﬀect showers for calibration.
For the future, the ASICs developed for waveform
sampling and the techniques reﬁned for triggering RF
impulses deep into the thermal noise [19] will enable a
future generation terrestrial array of embedded anten-
nas [20]. Such a detector opens the possibility of UHE
neutrino astronomy. Prototypes of such a system will
be co-deployed in the IceCube array in the 2006/2007
season.
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